We present a density functional theory investigation of strained Ca 0.5 Sr 0.5 TiO 3 .
There is great interest in combining ferroelectrics with semiconductors. Potential devices include nonvolatile memory, reprogrammable logic, and even quantum computation 1 .
Ideally, ferroelectrics would be grown on the technologically dominant Si(001) surface, and there has been great effort at growing SrTiO 3 on Si(001) 2-6 . The in-plane lattice parameters of SrTiO 3 are 1.7% larger than those of the (110) and (110) directions of the Si(001) surface, and thin films of compressively strained STO have been shown to exhibit the desired ferroelectric behavior 4, 6 . However, as the thickness of the film increases, the STO relaxes to the unstrained state and the ferroelectric behavior is no longer observed 3, 6 . One possibility to induce ferroelectricity into SrTiO 3 films is to introduce dopants such as either Ba or Ca 7-9 .
For example Ca (1−x) Sr x TiO 3 offers the possibility of invoking ferroelectricity in SrTiO 3 while at the same time maintaining a closer lattice match to the Si(001) surface. Although there have been a number of experimental studies aimed at identifying the crystal structure and lattice properties of unstrained Ca (1−x) Sr x TiO 3 10-12 , to date the authors are not aware of any theoretical studies of the strained case.
In this work we present a theoretical study of ferroelectrically induced polarization in bulk, strained Ca 0.5 Sr 0.5 TiO 3 . Structural optimizations were done using the VASP code 13, 14 with the Projector Augmented Wave method to treat the electronic structure problem 15 .
The gradient corrected XC-functionals were treated within the Perdew, Becke and Ernzerhof scheme 16 . In all cases we used a supercell consisting of 2 × 2 × 2 primitive cells or two layers of four primitive cells each. This requires eight alkaline-earth atoms in the unit cell while allowing for the inclusion of rotation and tilting effects in the oxygen octahedra. Periodic boundary conditions were employed to simulate a spatially extended material. We used a 4 × 4 × 4 k-point mesh and a planewave cutoff energy of 350 eV. The unit cell was strained to match the lattice constants of the 45
• rotated Si(001) face. For our unit cell the a and b lattice vectors are 7.728Å. The c lattice vector is obtained by calculating the total energy for a range of values separated by 0.01Å approximately centered on the cubic value until a minimum energy configuration was bracketed. For the total energy calculations the lattice parameters were frozen but the atomic positions were free to relax until the forces were smaller than 0.005 eV/Å along any cartesian direction for any atom.
For the calculation of polarization we used the Abinit code 17 and FHI98 pseudopotentials of the Trouiller-Martins type 18 . The structure was imported directly from the VASP code structural optimization step and no relaxation was performed for the lattice or ions. Our primary result is that all the configurations we considered except one exhibit a net ferroelectric dipole moment. The lowest-energy configuration consists of alternating stripes of Ca and Sr running diagonally across the strained face of the perovskite. This configuration possesses a net polarization of 0.077 C/m 2 . We find that there is a trend for the lowest energy configurations to have the smallest polarizations and the largest c/a ratio's. We summarize this information in eV/formula unit. Thus it is likely that the polarization in these cells persists.
We find that polarization tends to increase with decreasing c/a ratio. There is an exception to this trend for the configuration labeled l1ol1xl2yl2xy which has no net polarization but has the smallest c/a ratio of those considered. We have plotted the relative energies of the configurations as a function of c/a ratio in figure 2. In this figure we label four fami- rotations and tilting of the oxygen octahedra we employ the Glazer notation 21 . This notation was developed for ABX 3 perovskites and assumes rigid rotations of the oxygen octahedral cages whereas we are considering the case of AA ′ TiO 3 and allow distortions of the oxygen cages.
Analysis of the displacement patterns shows that the tetragonal strain is driven by the AFD octahedral rotations hybridized with the ferroelectric displacements (FE) rather than by the latter alone. Earlier theoretical work has shown that the introduction of dopants with smaller atomic radii into the A-sites is able to drive the tetragonal strain 22 . Thus the distribution of Ca-cations determines the rotation of the oxygen cages versus the distortion along the tetragonal (c) axis. On the other hand, the polarization is clearly associated with the FE displacements. We find that FE displacements of the Ti atoms relative to the oxygen cages do not vary widely despite the range of polarizations for the different configurations. to the internal electric field established by FE distortions.
To assist in understanding how doping affects the stability and polarization of the perovskite we have performed a series of calculations in which we include only the effects of displacements, is associated with the lowest energy configurations. In all 9 configurations studied here, no such set of tiltings is associated with the Sr atoms due to their large ionic radii. The tilting drives the A-site cations out of the plane. In order for the Sr atoms to displace, the tetragonal distortion must increase with a corresponding increase in strain energy. On the other hand the Ca atoms are able to displace with no additional contribution to the tetragonal strain energy due to their smaller atomic radii. To quantify this, note that, in the l1ol1xyl2ol2xy configuration, the O-O nearest neighbor separation in A-site plane is 3.29Å. The in-plane distance from one of the oxygens to the center of the square face where a non-displaced A-site cation would reside is 2.33Å. In order to accommodate a Ca ion, given the ionic radii of the Ca and O, the Ca ion would need to be displaced by about 0.59Å which is the same as the observed Ca displacement. In order to accommodate an Sr cation, the tetragonal distortion would need to be increased by 0.53Å per layer.
Given the importance of this octahedral tilting arrangement we are able to explain why the Ca atoms align along (110) planes as opposed to a rock-salt type configuration. Observation of the schematics I/II in fig. 4 indicates that there can be only one such tilting configuration per layer. These configurations must be staggered diagonally in order not to impose large distortions on the oxygen octahedra. Such an arrangement excludes the rock salt configuration. It also excludes alternating planes composed of Ca and Sr cations. In direction relative to the cubic ABO 3 perovskite phase. We find this structure to be ferroelectric with a net polarization of 0.077 C/m 2 and a reduced surface strain compared to STO.
We have identified eight higher energy configurations which, with one exception, exhibit net The present study does not include surface and interface effects which very likely play an important role in both the overall structure and polarization of thin film structures.
However, it identifies the key interactions which govern the stability and polarization of AA ′ TiO 3 perovskites which should prove valuable in designing such materials.
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